Introduction
Ideal quantum dot (QD) lasers are predicted to exhibit very low threshold current densities (J th ) and temperature independent operation [1] . With the development of lasers based on self-assembled QDs an important question is to what extent their performance can approach that of an ideal device? Although very low J th values have been demonstrated, temperature stability is generally not significantly better than for quantum well lasers. However, experience has shown that QD lasers offer a number of additional advantages, including access to new wavelength ranges for a given material system and reduced sensitivity to processing and radiation induced damage. In addition, the application of p-type modulation doping significantly improves the temperature stability, for reasons that are still not fully clear [2] .
p-type modulation doped QD lasers
Our lasers are based on InAs QDs grown in a InGaAs-GaAs quantum well to achieve 1.3µm lasing at room temperature from a GaAs-based system. By optimising the growth of the GaAs spacer layers in multiple layer QD lasers we have been able to achieve very low J th values for devices lasing at 1.3µm at room temperature [3] . For example room temperature values achieved include J th =32.5Acm -2 for an as-cleaved 5 mm long cavity and 17Acm -2 for a 2mm cavity with ~90% HR coated facets. However, as shown in Fig. 1 , the temperature stability of these devices is only comparable to that of quantum well lasers at and above room temperature. Fig. 1 also shows data for devices where the QDs are modulation doped p-type at levels of 15 and 50 acceptors / QD. The lower doped sample exhibits excellent temperature stability around room temperature, with a negative characteristic temperature (T 0 ) between -50 and +40°C. Although the doping increases absolute J th values slightly, it is possible, by combining optimised growth and p-type doping, to achieve a 1.3µm laser with both a relatively low J th at room temperature and enhanced temperature stability [4] . The initial mechanism proposed to explain the improved temperature stability of p-type doped QD lasers was the saturation of the closely spaced hole states which reduces the effects of thermal excitation of holes out of the lasing state. However this mechanism is unable to explain the negative temperature behaviour around room temperature exhibited by these devices. It is now thought that a delayed transition from a non-thermal carrier distribution within the QD ensemble to a thermal distribution plays an important role. Such a transition has been used to explain the negative T 0 region observed in undoped QD lasers at lower temperatures (e.g. between -150 and -50 for the undoped sample in Fig. 1 ). It is postulated that the extrinsic holes in the p-type doped QDs increase the electron confinement potential and hence move this transition to higher temperatures. What remains unclear is if this transition can be moved to even higher temperatures so that the negative T 0 region spans the required operating range up to ~100°C. The introduction of the extrinsic holes is expected to affect the dynamics of both carrier relaxation and recombination. samples and for a temperature of 10K. The data is normalised to that of an undoped sample. With increasing hole number the lifetime decreases, indicating the presence of a non-radiative process whose efficiency increases with increasing hole number. In absolute terms the carrier lifetime decreases from 1200 to 350ps over the doping range 0 to 30 acceptors/QD. A related decrease in the PL efficiency is also observed (Fig. 3) and, as this is independent of excitation wavelength, the underlying nonradiative process must occur for holes localised in the QDs. The lines in Fig 2 are fits to the experimental data based on a model assuming that Auger recombination is the dominant non-radiative process. As expected this process is enhanced by the extrinsic holes in the QD but the rate of enhancement is found to be weaker than for bulk or quantum well systems. In these systems all holes can contribute to both steps of the Auger process; excitation of a carrier to a higher energy state and recombination with the electron, and hence the Auger lifetime varies as ps -1 is also obtained from the fit. By using reasonable values for the QD size this can be converted into an effective 3D value of ~3x10 -27 cm 6 /s. Despite the increasing Auger recombination with increasing p-type doping level it is still possible to achieve good lasing characteristics from p-type doped QD lasers at room temperature. The reason for this is not fully clear but preliminary lifetime measurements performed as a function of temperature suggest that the Auger process may weaken as the temperature in increased.
Conclusions
The combination of optimised growth and p-type modulation doping results in 1.3µm emitting self-assembled QD lasers with both low J th at room temperature and high temperature stability. Evidence suggests that the extrinsic holes in p-type doped QDs delay the attainment of a thermal carrier population within the QD ensemble. In addition, the extrinsic holes result in Auger recombination at low temperatures. However due to the discrete energy states and strong optical selection rules there is a weaker dependence on hole number than in higher dimensionality systems.
